Excitation emission matrix (EEM) fluorescence spectroscopy coupled with parallel factor analysis (PARAFAC) is commonly used to investigate the dynamics of dissolved organic matter (DOM). However, a lack of direct comparisons with known biomolecules makes it difficult to substantiate the molecular composition of specific fluorescent components. Here, coincident surface-water measurements of EEMs, dissolved lignin, and total dissolved amino acids (TDAA) acquired in the northern Gulf of Mexico were used to investigate the relationships between specific fluorescent components and DOM biomolecules. Two terrestrial humic-like components identified by EEM-PARAFAC using samples obtained from river to offshore waters were strongly linearly correlated with dissolved lignin concentrations. In addition, changes in terrestrial humiclike abundance were correlated with those in lignin phenol composition, suggesting such components are largely derived from lignin and its alteration products. By applying EEM-PARAFAC to offshore samples, two protein-like components were obtained. The tryptophan-like component was strongly correlated with TDAA concentrations, corroborating the suggested protein/peptide origin of this component. The ratios of tryptophan-like component to tyrosine-like component or dissolved organic carbon (DOC) concentrations were also correlated with DOC-normalized yields of TDAA, suggesting these proxies are useful indicators of the bioavailability of DOM in marine waters of the studied ecosystem.
INTRODUCTION
In natural waters, a fraction of dissolved organic matter (DOM, <0.2-0.7 µm pore-size filter) absorbs light (chromophoric DOM, CDOM), and a component of this light-absorbing fraction fluoresces (fluorescent DOM, FDOM) (Stedmon and Nelson, 2015) . In the 1990s, Coble et al. (1990) introduced excitation emission matrix (EEM) spectroscopy as a means to characterize the fluorescence features of FDOM. The fluorescence properties of FDOM were categorized into three humic-like and two protein-like fluorophores (Coble, 1996) . Although Coble's categorization has been well accepted and widely used in qualitative studies of FDOM composition, recent chemometric techniques for characterizing EEMs have enabled more quantitative evaluations of FDOM composition (Stedmon et al., 2003; Boehme et al., 2004; Murphy et al., 2014) . Parallel factor analysis (PARAFAC) enables to decompose an EEM into statistically independent fluorescent components (Stedmon et al., 2003) . This technique is often applied to gain insights about the environmental dynamics of these different fluorescent components (e.g., Cory and McKnight, 2005; Jaffé et al., 2014) .
Despite the popularity of PARAFAC, there is still a severe lack of direct evidence linking PARAFAC fluorescent components to molecularly characterized organic molecules in DOM. Lignins ) and tannins (Maie et al., 2007) are measurable components in DOM that are thought to be important contributors to the humic-like fluorescence. Aromatic amino acids (Yamashita and Tanoue, 2003a) and phenolic structures (Maie et al., 2007; Stedmon and Nelson, 2015) within macromolecules such as lignins and tannins are potential contributors to the protein-like fluorescence. Tannins are highly reactive (Maie et al., 2006 , thereby suggesting that lignins and aromatic amino acids are the major contributors to the humic-like and protein-like fluorescence, respectively.
Previous investigations relating PARAFAC components and major organic compounds have yielded inconsistent results. Walker et al. (2009) found linear relationships between terrestrial humic-like PARAFAC components and lignin phenol concentrations in the Canadian Archipelago and Beaufort Sea surface waters. Similar observations were made in the BalticNorth Sea transition zone (Osburn and Stedmon, 2011) . In contrast, no significant correlation was found between any of the PARAFAC components and lignin concentrations within the Sacramento River/San Joaquin River Delta ). More recently, Walker et al. (2013) noted that there is no universal linear relationship between terrestrial humiclike PARAFAC components and lignin phenol concentrations among large Arctic rivers, and attributed it to microbial processing. Thus, it appears that both source and biogeochemical processing are important factors affecting the relationship between humic-like fluorophores and lignin concentrations.
A strong correlation between tyrosine-like and tryptophanlike fluorescence intensity in EEMs, and tyrosine and tryptophan concentration was found in samples from Ise Bay to offshore waters of the Kuroshio current (Yamashita and Tanoue, 2003a) . Similar correlations were found in a vertical profile from Sagami Bay (Yamashita and Tanoue, 2004) . These results indicated that protein-like fluorescence was derived from aromatic amino acids (e.g., tyrosine and tryptophan) in marine environments. Yamashita and Tanoue (2003a) also found that protein-like fluorescence intensities were linearly correlated with concentrations of total dissolved amino acids (TDAA), suggesting that protein-like fluorescence can be a useful indicator of TDAA concentration. In addition, relationships between the relative contribution (%) of protein-like PARAFAC components in total PARAFAC components and the biodegradable fraction (%) of dissolved organic carbon (DOC) were found in freshwater environments (Balcarczyk et al., 2009; Fellman et al., 2009; Hood et al., 2009) . A correlation between degradation rates of proteinlike fluorescence intensity and DOC was also observed in coastal environments (Lønborg et al., 2010) . Since carbon-normalized yields of amino acids are known to be useful molecular indicators of biodegradable DOM (Davis and Benner, 2007; Benner and Kaiser, 2011) , the linkage between bioavailable protein-like components and amino acids in DOM has been assumed based on empirical evidence.
Although the number of studies directly comparing DOM fluorescence and chemical composition remains limited, FDOM research performed over the past 15 years suggests that humiclike and protein-like fluorescence can be used as proxies for lignin and amino acids concentrations in DOM, respectively. If this is correct, FDOM and its corresponding organic molecules should change not only quantitatively but also qualitatively with biogeochemical processing. For example, the compositions of humic-like FDOM and lignin phenols are known to change with sunlight irradiation (e.g., Opshal and Benner, 1998; Stedmon and Markager, 2005) , and composition of protein-like FDOM and amino acid parameters (carbon-normalized yields of amino acids) co-vary with microbial processing (e.g., Davis and Benner, 2005; Cory and Kaplan, 2012) . However, direct compositional comparisons between FDOM and its molecular constituents have scarcely been evaluated . Thus, establishing compositional as well as quantitative relationships between FDOM and corresponding biomolecules is needed for the application of FDOM as proxies of lignin and amino acid concentrations and as indicators of bioavailability and photodegradability of DOM.
Here, we investigated how fluorescent components determined by PARAFAC were related to the concentrations and compositions of lignin phenols and amino acids in surface waters of the northern Gulf of Mexico (NGoM), the largest river-influenced ocean margin in North America. We assessed whether terrestrial humic-like and protein-like fluorescence can be used as valid proxies for the concentrations of total dissolved lignin phenols and amino acids, respectively. In addition, compositional comparisons between FDOM components and molecular parameters derived from lignin phenols and amino acids were investigated.
MATERIALS AND METHODS

Study Area and Sampling
Field samples and measurements were collected during four research cruises conducted in the northern Gulf of Mexico (NGoM) in April, July, and October-November 2009 and March 2010 Benner, 2012, 2014; . The NGoM is among the world's largest river-influenced ocean margins, where the Mississippi and Atchafalaya Rivers discharge about 6.6 × 10 11 m 3 yr −1 of freshwater and 2.70 Tg yr −1 of DOC into the margin (Shen et al., 2012) .
Surface-water samples for DOC, CDOM, EEM-PARAFAC, and TDAA analyses were collected at about 50 stations during each cruise (Figure 1 and Table 1 ). Samples for DOC and TDAA analysis were gravity filtered from Niskin bottles using precombusted GF/F filters (0.7-µm pore size) and stored frozen (−20 • C) immediately after collection in precombusted borosilicate glass vials. Samples for CDOM and EEMs analysis were gravity filtered from Niskin bottles using Whatman Polycap Aqueous Solution (AS) cartridges (0.2-µm pore size), collected in precombusted borosilicate glass vials, and stored immediately at 4 • C until analysis in the laboratory. Samples for dissolved lignin analysis were collected at 20-23 of the ∼50 stations during each cruise ( Table 1) .
Most samples were collected under well-mixed conditions from Niskin bottles mounted on a rosette with a conductivitytemperature-depth sensor. Samples were collected with a polypropylene bucket from the bow of the ship wherever a strong vertical salinity gradient was observed (e.g., river plume). Steep vertical salinity gradients like the ones often observed in the Mississippi River plume can be retained inside a Niskin bottle. The bucket sampling was therefore used to avoid any inconsistency that would result when collecting multiple samples from the same Niskin bottle. A total set of 198 samples for DOC/EEMs/CDOM/TDAA was collected along with a set of 86 dissolved lignin samples. The samples spanned a salinity range of 0-37, from nutrient-rich riverine waters to oligotrophic marine waters, and were collected during contrasting seasons and environmental conditions in terms of salinity, water temperature, and river discharge ( Table 1) . This data set is representative of the majority of water types and environmental conditions typically encountered in this river-influenced ocean margin. (Benner and Strom, 1993) . Blanks (Milli-Q UV-Plus water) were negligible and the coefficient of variation between injections of a given sample was typically ±0.6%. Accuracy and consistency of measured DOC concentrations were checked by analyzing a deep seawater reference standard (University of Miami) every sixth sample.
CDOM Analysis and Calculation of S 275-295
Samples were analyzed for CDOM absorbance within a week after the cruise. After the water samples reached room temperature, absorbance of the samples was measured from λ = 250-800 nm using a Shimadzu ultraviolet (UV)-visible UV-1601 dual-beam spectrophotometer and 10-cm cylindrical quartz cells. For highly absorbing samples, 5-cm cylindrical quartz cells, or 1-cm quartz cuvettes were used. An exponential fit of the absorbance spectrum over an optimal spectral range was used to derive an offset value that was subtracted from the absorbance spectrum (Johannessen and Miller, 2001; Fichot and Benner, 2011) . Absorbance corrected for offset was then converted to Napierian absorption coefficient, a g (λ) (m −1 ). The dependence of a g (λ) on λ is described using Equation (1):
where λ 0 < λ and S is the spectral slope coefficient in the λ 0 -λ nm spectral range. The spectral slope coefficient between 275 and 295 nm, S 275-295 , was calculated as the slope of the linear regression of ln(a g (λ)) on λ, between λ = 275 and 295 nm (Helms et al., 2008; Fichot and Benner, 2011) . Here, S 275-295 is reported with units of nm −1 .
EEM-PARAFAC Analysis
Samples were analyzed for EEM fluorescence within 10 days after the cruise. After the water samples reached room temperature, EEM fluorescence was measured according to Yamashita et al. (2011) . Briefly, emission scans from 290 to 600 nm at 2-nm intervals were acquired at excitation wavelengths between 250 and 450 nm at 5-nm intervals. Bandpass was set at 5 nm for excitation and emission. Fluorescence spectra were scanned with 0.25 s of integration time and acquired in S/R ratio mode. Inner filter effects were corrected using the absorbance spectrum according to McKnight et al. (2001) , and the EEM of Milli-Q water was subtracted from sample EEMs. The excitation and emission correction files obtained every month using rhodamine b and supplied by the manufacturers, respectively, were applied for the correction of the specific instrument's components (Cory et al., 2010) . Fluorescence intensities were corrected to the area under the water Raman peak (excitation = 350 nm) analyzed daily (Lawaetz and Stedmon, 2009) , and were converted to quinine sulfate units. Two PARAFAC modeling exercises were conducted using complete data set (n = 331) and samples with salinities above 30 (n = 145), respectively. Each EEM was not normalized to its total signal for both PARAFAC modeling. Thus, riverine samples with high fluorescence exert higher leverage in the first PARAFAC model. This procedure should be suitable to trace low abundance of terrigenous component in high salinity waters, but may fail to reveal minor marine-derived components. On the other hand, the gradients of fluorescence intensity is narrow in the second PARAFAC model, implying that while this model may not be best suited to capture terrigenous signals, it increases the chance for minor marine-derived components to be revealed. The modeling was carried out in MATLAB (Mathworks, Natick, MA) with the DOMFluor toolbox (Stedmon and Bro, 2008) . The EEM of excitation wavelengths from 250 to 450 nm and emission wavelengths from 290 to 520 nm were used for PARAFAC modeling, and validation of the model was conducted by the split half validation and the random initialization according to Stedmon and Bro (2008) .
Lignin Sampling, Extraction, and Analysis
Samples for lignin analysis (10-L) were gravity filtered from Niskin bottles using Whatman Polycap AS cartridges (0.2-µm pore size), acidified to pH ≃ 2.5-3 with sulfuric acid, and extracted onboard using C-18 cartridges (Louchouarn et al., 2000) . Cartridges were stored at 4 • C until elution in 30 mL of HPLC-grade methanol, and then stored at −20 • C until analysis. Lignin was analyzed using the CuO oxidation method of Kaiser and Benner (2012) . Concentrations of lignin phenols were measured as trimethylsilyl derivatives using an Agilent 7890 gas chromatograph equipped with a Varian DB5-MS capillary column and an Agilent 5975 mass selective detector. The concentrations of nine lignin phenols were measured in this study: p-hydroxybenzaldehyde (PAL), p-hydroxyacetophenone (PON), p-hydroxybenzoic acid (PAD), vanillin (VAL), acetovanillone (VON), vanillic acid (VAD), syringaldehyde (SAL), acetosyringone (SON), syringic acid (SAD). The sum of nine p-hydroxyl, vanillyl and syringyl lignin phenols (TDLP 9 ) are reported in units of nmol L −1 .
Amino Acid Hydrolysis and Analysis
The amino acids were analyzed using an Agilent 1100 high performance liquid chromatography system equipped with a fluorescence detector (Excitation: 330 nm; Emission: 450 nm). Hydrolysis and derivatization followed the approach of Kaiser and Benner (2005) . In brief, water samples (100 µl) were dried with pure nitrogen gas and hydrolyzed using a vapor-phase technique with 6 mol L −1 hydrochloric acid at 150 • C for 32.5 min in a CEM Mars 5000 microwave. After hydrolysis samples were neutralized and then separated as o-phthaldialdehyde (OPA) derivatives on a LiChrosphere RP18 column (4.6 × 150 mm, 5 µm). Sixteen amino acids were included in the analysis: aspartic acid + asparagine (Asx), glutamic acid + glutamine (Glx), serine (Ser), glycine (Gly), threonine (Thr), β-alanine (β-Ala), arginine (Arg), alanine (Ala), γ -aminobutyric acid (γ -Aba), tyrosine (Tyr), valine (Val), phenylalanine (Phe), isoleucine (Ile), and lysine (Lys).
Concentrations of total dissolved amino acids (TDAA) were the sum of the sixteen amino acids. DOC-normalized yields of TDAA were calculated as the percentage of DOC measured as amino acids using Equation (2):
where [DOC] and [TDAA-C] are concentrations of bulk DOC and carbon measured in total dissolved amino acids, respectively. β-Ala and γ -Aba are two non-protein amino acids thought to be products of diagenesis (Cowie and Hedges, 1994 ) and therefore they were not included in the calculation of TDAA yields.
RESULTS AND DISCUSSION
Riverine inputs exert a strong influence on the surface distribution of DOM in the NGoM (Figure 2) . The concentrations of DOC, TDLP 9 , and TDAA were much higher in the rivers than in ocean waters (salinity > 36.5), and displayed linear relationships with salinity (r 2 = 0.82, 0.64, and 0.64, respectively). The strong influence of riverine inputs was also evident from the seasonal variability of DOC, TDLP 9 , and TDAA concentrations in the riverine end-members. Furthermore, the Atchafalaya River is also enriched in bioavailable DOM relative to the Mississippi River Conmy et al., 2004; Shen et al., 2012; , and this important difference between riverine end-members was also evident from the variability of DOC, TDLP 9 , and TDAA (Figure 2) . This DOM enrichment has been shown to result from the interaction of the Atchafalaya River with its productive, cypress-dominated floodplain (Shen et al., 2012) .
PARAFAC Components
The significant contribution of terrigenous DOM was evident in the 0-30 salinity range of the NGoM. S 275-295 , a tracer of terrigenous DOM, exhibited a non-linear dependence on salinity, indicating DOC was dominated by marine DOC at salinities >30 . Marine DOC concentrations were found to be highest at mid salinities (28-30) throughout the study period (Shen et al., pers. comm.) . Two PARAFAC models were developed in the present study because optical parameters (e.g., fluorescence intensities and spectra) can be influenced by the physicochemical environment (Osburn et al., 2014) , as well as biochemical components (e.g., lignin phenols and amino acids). The Gulf of Mexico (GoM) model was developed using all the data, and was used to evaluate the mixing of terrigenous and marine FDOM, and the photochemical and microbial processing of FDOM. The open ocean (OP) model was developed using high salinity (>30) samples to provide a more suitable evaluation of the dynamics of autochthonous (marine) FDOM. A total of five and six PARAFAC components were obtained for the GoM and OP models, respectively (Figure 3 ; Supplemental Figure 1 ; Table 2 ). Two components from each model were similar (i.e., GoM3 and OP5; GoM4 and OP3; 
Figures 3C,D).
GoM4 and OP3 had fluorescence maxima at longest emission wavelength among PARAFAC components. Similar components were previously found in riverine and coastal environments, and were categorized as terrigenous (Cory and McKnight, 2005; Yamashita et al., , 2010 Kowalczuk et al., 2009 ). They were also found to be rich in fulvic acid fractions extracted from soils and estuarine sediments (Santín et al., 2009 ). GoM3 and OP5 corresponded to terrestrial humiclike peak A according to Coble (1996) . Similar components have also been shown to be photo-resistant or products of photochemical processing (Stedmon et al., 2007; Chen et al., 2010; Cawley et al., 2012) . Thus, GoM3 and OP5 are potential qualitative indicators of photooxidation of FDOM in the NGoM.
OP2 was unlike other components derived in the GoM model, and was characterized as a humic-like PARAFAC component of microbial origin (Cory and McKnight, 2005; Stedmon and Markager, 2005; Yamashita et al., 2010) . Interestingly, GoM5 and OP1 seemed to be separated into independent components in the models. GoM5 resembles a combination of OP4 and OP6, and OP1 is likely mixture of GoM1 and GoM2. Spectral features suggest OP1 (GoM1 and GoM2) belong to the traditionally defined terrestrial humic-like peak C and/or marine (microbial) humic-like peak M (Coble, 1996) . Considering the GoM model was developed using the complete data set (river, coastal, and offshore waters), the terrestrial humic-like component (GoM1) might have separated from the marine humic-like component (GoM2). The GoM5 component (OP4 and OP6) was found in the EEM region corresponding to protein-like fluorophores (Coble, 1996) , and OP4 and OP6 can be categorized as tryptophan-like peak T and tyrosinelike peak B, respectively (Coble, 1996; Yamashita and Tanoue, 2003a ). The OP model separated the protein-like fluorophores into tryptophan-like and tyrosine-like components, implying that spectral variability in protein-like fluorophores in offshore waters is larger than that of riverine and coastal waters.
Relationships between the Fluorescence Intensity of PARAFAC Components and the Concentrations of Lignin Phenols and Amino Acids
Fluorescence intensity of all PARAFAC components in the GoM model were positively correlated (r = 0.79-0.91, p < 0.001) with TDLP 9 concentrations (Figure 4) , implying the distributions of all PARAFAC components in the NGoM were mainly controlled by riverine inputs, especially on the shelf where concentrations of terrigenous DOC were high . S 275-295 , an indicator of terrigenous DOM, decreased exponentially with increases in all PARAFAC components. The relationships between S 275-295 and GoM2, GoM3, and GoM5 were variable between summer (Jul 2009) and winter/spring (Mar 2010) (Supplemental Figure 2) .
The correlation coefficients (r) between PARAFAC components and TDLP 9 were different among PARAFAC components. The strongest correlations with TDLP 9 were found for GoM1 (r = 0.91, p < 0.001, Figure 4A ) and GoM4 (r = 0.91, p < 0.001, Figure 4D ), which were categorized to be terrestrial humic-like components based on spectral features ( Table 2) . These spectral features with strongest correlation with TDLP 9 suggest these components are mostly related to lignin among PARAFAC components obtained from GoM model. In addition, the strongest correlations imply that relationships between TDLP 9 and GoM1 or GoM4 are less variable among seasons. Strongest correlations between terrestrial humic-like GoM1 and GoM4 agreed with previous findings in coastal Canadian Arctic surface waters (Walker et al., 2009) , implying that GoM1 and GoM4 can be robust proxies for terrestrial humic-like DOM. The lowest correlation coefficient was found between GoM5 and TDLP 9 (r = 0.79, p < 0.001, Figure 4E ). GoM5 was categorized as a protein-like component from fluorescence characteristics ( Table 2) .
The correlation coefficients were of moderate strength for GoM2 vs. TDLP 9 (r = 0.84, p < 0.001, Figure 4B ) and GoM3 vs. TDLP 9 (r = 0.83, p < 0.001, Figure 4C ), suggesting that biogeochemical processing might affect the relationships. GoM2 was categorized as a marine (microbial) humic-like component based on spectral characteristics (Table 2) . Likewise, addition of marine-derived components in shelf waters could affect the relationship between GoM2 vs. TDLP 9 . Non-conservative mixing of a marine (microbial) humic-like component was also observed in low-to mid-salinity waters in the estuaries of central Japan and southeastern Alaska Fellman FIGURE 4 | Relationships between lignin phenol concentrations (TDLP 9 ) and fluorescence intensity of (A) terrestrial humic-like GoM1, (B) microbial humic-like GoM2, (C) terrestrial humic-like GoM3, (D) terrestrial humic-like GoM4, and (E) protein-like GoM5. et al., 2010), suggesting that fluorescence of GoM2 in this study could originate from microbial products rather than lignin.
GoM3 was characterized as a terrestrial humic-like component ( Table 2 ) but was weakly correlated with TDLP 9 , unlike GoM1 and GoM4. The relationship between GoM3 and TDLP 9 in July 2009 was different from that in other seasons ( Figure 4C) . The ratio of GoM3 to TDLP 9 (GoM3/TDLP 9 ) in the river samples was higher during summer (0.32-0.39) than during other seasons (0.08-0.17) ( Table 3) , and likely affected the relationship between GoM3 and TDLP 9 in the shelf waters. However, the GoM3/TDLP 9 ratio increased from river to offshore waters (salinity > 30), irrespective of differences among seasons ( Table 3) . Photochemical alterations of lignin were enhanced during summer , and the seasonal and spatial patterns of the GoM3/TDLP 9 ratio indicate GoM3 could be more resistant to photodegradation compared with river and offshore TDLP 9 . The photo-resistant nature of GoM3 is consistent with previous observations for similar PARAFAC components ( Table 2 ; Stedmon et al., 2007; Chen et al., 2010; Cawley et al., 2012) . GoM3 values corresponding to S 275-295 values in the 0.02-0.03 range were slightly higher in summer compared to winter/spring (Supplemental Figure 2) , suggesting a photo-resistant characteristic of GoM3 compared with S 275-295 . Some DOM occurs as supramolecular assemblies of small molecules (Peuravuori and Pihlaja, 2004; RomeraCastillo et al., 2014) , and the increase in S 275-295 could be related to disruption of the DOM macrostructure during photooxidation. The molecular weight of lignin has been shown to decrease during photooxidation (Opshal and Benner, 1998) . It is possible that the destruction of supramolecular assemblies reduces fluorescence self-quenching of fluorescent molecules with other molecules, without changing lignin phenol concentrations.
The relationships of GoM1 and GoM4 with TDLP 9 were also slightly different in summer than during other seasons ( Figures 4A,D) . The GoM1/TDLP 9 and GoM4/TDLP 9 ratios in river waters were higher during summer (Table 3) . However, these ratios did not increase consistently from river to offshore waters ( Table 3) , suggesting that seasonal differences in relationships among TDLP 9 and GoM4 as well as GoM1 were due to variability among fluorophores rather than photooxidation. Interestingly, relationships between S 275-295 and GoM4 as well as GoM1 were similar between summer and winter/spring (Supplemental Figure 2) , implying that physical mixing and photooxidation were largely responsible for maintaining these relationships. All PARAFAC components derived from the GoM model were positively correlated with TDAA (r = 0.81, p < 0.001 for GoM1; r = 0.84, p < 0.001 for GoM2; r = 0.85, p < 0.001 for GoM3; r = 0.82, p < 0.001 for GoM4; r = 0.83, p < 0.001 for GoM5, respectively). The correlation coefficient between TDAA and the corresponding fluorescent component, i.e., tryptophan-like GoM5, was similar to those between TDAA and the humic-like components GoM1-4. The relationship between TDAA and the tryptophan-like GoM5 component varied with salinity, with a stronger correlation (r = 0.80, p < 0.001) occurring in high salinity (>30) waters (Figure 5 ). This suggests that the physicochemical environment of the DOM (e.g., ionic strength, pH) could affect the TDAA-GoM5 relationship. Given the large inputs of terrigenous DOM in lowsalinity regions, these variable relationships with salinity indicate that terrigenous DOM might obscure the autochthonous GoM5-TDAA relationship. Differences in the biochemical compositions of land plants and phytoplankton could also affect the GoM5-TDAA relationship across the salinity gradient. For example, land plants have a group of structural glycoproteins containing certain amino acids (e.g., hydroxyproline) that are largely absent from plankton (Kieliszewski and Lamport, 1994) . Tyrosine is typically 4-10 mol%, whereas tryptophan is typically absent in glycoproteins (Roberts et al., 1985) . In addition, terrestrial phenolic compounds such as tannins (Maie et al., 2007 might contribute to GoM5 in low salinity waters.
The PARAFAC OP model used offshore samples (salinity > 30; Figure 3 , Table 2 ) and identified two protein-like components (tryptophan-like OP4 and tyrosine-like OP6). Tyrosine-like OP6 was weakly correlated with concentrations of tyrosine (r = 0.46, p < 0.001; Figure 6A ) and TDAA (r = 0.54, p < 0.001; Figure 6B ). Yamashita and Tanoue (2003a) also found that tyrosine-like fluorescence intensity was not well correlated with tyrosine concentrations for offshore samples (tyrosine concentration is <10 nmol L −1 ). Two factors can contribute to a weak correlation between tyrosine-like OP6 and tyrosine concentrations: (1) OP6 corresponds to a mixture of tyrosine and phenylalanine, another aromatic amino acid, (2) the fluorescence quantum yield of tyrosine in DOM is variable. The fluorescence characteristics of phenylalanine are similar to those of tyrosine (Lakowicz, 2006) and can potentially affect OP6. However, the fluorescence quantum yield of free phenylalanine is approximately one fifth of that of free tyrosine (Lakowicz, 2006) , and therefore the influence of phenylalanine on OP6 is probably limited. As for the second factor, tyrosine fluorescence in peptides and proteins is often quenched due to energy transfer to tryptophan molecules, or due to interactions with the peptide chain (Lakowicz, 2006) . Thus, fluorescence quenching of tyrosine molecules seems a likely cause for the weak relationship between tyrosine-like OP6 and either TDAA or tyrosine concentrations.
A strong relationship was observed between tryptophan-like OP4 and concentrations of TDAA (r = 0.87, p < 0.001; Figure 6C ), and bears similarities to the one observed between GoM5 and concentrations of TDAA at high salinity ( Figure 5B ).
Proteins/peptides containing both tyrosine and tryptophan molecules generally emit only tryptophan fluorescence due to energy transfer (Lakowicz, 2006) . Thus, all tryptophan molecules in DOM potentially emit fluorescence. The strong correlation between TDAA concentrations and tryptophan-like OP4 implies that mol percentages of tryptophan in TDAA are not highly variable in the NGoM, which is consistent with previous tryptophan analysis for the bay and offshore waters (Yamashita and Tanoue, 2003b) . While Yamashita and Tanoue (2003a) did not use PARAFAC modeling, they found no correlation between tryptophan-like fluorescence intensity and concentrations of TDAA as well as tryptophan in offshore waters. The shoulder of the humic-like peak possibly overlaps with the peak position of tryptophan fluorescence. The PARAFAC analysis separates the tryptophan-like fluorescence from humic-like fluorescence, and the significant correlation between TDAA and OP4 found in this study appears to be due to the separation of OP4 from humic-like components by PARAFAC.
Compositional Relationships between Lignin and Humic-like Components
Lignin phenol concentrations have a major influence on the fluorescence intensity of the terrestrial humic-like components derived from PARAFAC modeling. Photochemical processes alter the composition and size of lignin and humic-like fluorophores, and these alterations are apparent in various chemical and optical parameters (e.g., Opshal and Benner, 1998; Stedmon and Markager, 2005) . The ratios of GoM components to TDLP 9 (Table 3) , and relationships between S 275-295 and the GoM components (Supplemental Figure 2) suggest that GoM3 is more resistant to photodegradation compared to GoM1. The ratio of two terrestrial humic-like components (GoM3/GoM1) was established as an indicator of the extent of photooxidation of terrestrial humic-like components. A high GoM3/GoM1 ratio indicates greater photochemical alteration of terrigenous humic-like fluorophores. The acid-to-aldehyde ratios of vanillyl, syringyl, and p-hydroxyl phenols typically increase during photooxidation of lignin (Opshal and Benner, 1998; Spencer et al., 2009; Benner and Kaiser, 2011) . The GoM3/GoM1 ratio was strongly correlated with the acid-to-aldehyde ratios of p-hydroxy and vanillyl phenol (Figures 7B,C) , but was weakly correlated with that of syringyl phenols ( Figure 7A) . The p-hydroxy phenols are the least photoreactive components of lignin, whereas vanillyl and syringyl phenols have similar reactivities, with syringyl phenols tending to be slightly more photoreactive (Opshal and Benner, 1998; Benner and Kaiser, 2011) . The GoM3/GoM1 ratio was strongly correlated with the ratio of p-hydroxy and vanillyl phenols (P/V), but not with the ratio of syringyl and vanillyl phenols (S/V) (Figures 7D,E) .
Compositional variations among source vegetation and mixing processes on the Louisiana margin could have influenced the observed relationships between optical and chemical parameters. The Atchafalaya River has greater contributions of lignin from floodplain vegetation, such as cypress, than the Mississippi River (Shen et al., 2012) . Cypress is a gymnosperm and its lignin is composed of p-hydroxy and vanillyl phenols and no syringyl phenols (Hedges and Mann, 1979; Opshal and Benner, 1995) . Thus, the weak correlations between GoM3/GoM1 and S/V and acid-to-aldehyde ratio of syringyl phenols could be related to the varying compositions of lignin from the primary sources of terrestrial humic-like components. In conclusion, photochemical alterations of terrestrial humic-like components are accompanied with changes of lignin phenols, even though variations in the source and composition of lignin phenols influence the observed relationships.
Compositional Relationships between Amino Acids and Protein-like Components
The DOC-normalized yields of amino acids (TDAA %DOC) have been demonstrated to be molecular indicators of DOM bioavailability in freshwater and marine environments (Davis and Benner, 2007; Benner and Kaiser, 2011; Shen et al., 2015) . The use of this biochemical indicator in the NGoM was further validated by the shipboard bioassay experiments in spring 2010, which confirmed that amino acids were preferentially consumed and showed lower yield values in DOM of lower bioavailability (Shen et al. pers. comm.) .
Amino acid yields (TDAA %DOC) were compared with protein-like components and related parameters obtained from the OP PARAFAC modeling using offshore samples (salinity > 30) on the Louisiana margin (Figure 8 ). Amino acid yields were mostly between 0.6 and 1.6% DOC, a range indicative of low concentrations of labile DOM (Davis and Benner, 2007) . The relative contribution of protein-like PARAFAC components, which were found to be related to the bioavailable fraction of DOC in freshwater environments (Balcarczyk et al., 2009; Fellman et al., 2009; Hood et al., 2009) , were negatively correlated with TDAA yields (r = −0.68, p < 0.001; Figure 8A ).
A possible reason for the negative correlation is the complex nature of humic-like components. In addition to autochthonous production of protein-like components, the photodegradation and dilution of terrestrial humic-like components are possibly important factors controlling the relative abundance of proteinlike components. Thus, the relative contribution of proteinlike components does not appear to be a sensitive indicator of biodegradable DOM in high salinity waters of the NGoM.
The ratios of protein-like components to DOC, which is conceptually similar to the DOC-normalized yields of amino acids (i.e., ratio of amino acid-C to DOC), were compared with amino acid yields (Figures 8B,C) . The ratio of tryptophanlike OP4 to DOC concentrations (OP4/DOC) was weakly but significantly correlated with TDAA yields (r = 0.62, p < 0.001; Figure 8B ). However, OP6/DOC did not correlate significantly with TDAA yields (p > 0.05; Figure 8C) , which was possibly due to fluorescence quenching of tyrosine molecules. Previous analysis of fluorescence properties of marine DOM in the surface Sagami Bay (Japan) showed that only tryptophan-like fluorescence was found in high molecular weight fractions, while tyrosine-like fluorescence was dominant in low molecular weight fraction (Yamashita and Tanoue, 2004) . High molecular weight DOM is more easily degraded by microbes and has higher amino acid yields than low molecular weight DOM Benner, 1994, 1996; Benner and Amon, 2015) . Thus, tryptophan-like OP4 could be related to reactive high-molecularweight DOM, while tyrosine-like OP6 might be quenching or derived from less reactive tyrosine-containing low-molecularweight DOM. The ratio of tryptophan-like OP4 to tyrosine-like OP6 (OP4/OP6) was weakly correlated with TDAA yields (r = 0.58, p < 0.001; Figure 8D ), confirming different reactivities between tryptophan-like and tyrosine-like components. Overall, the relationships obtained from the spatial distributions of TDAA yields and protein-like components in high salinity waters of the NGoM suggest that DOC-normalized yields of the tryptophanlike component (i.e., OP4/DOC in this study) and the ratio of tryptophan-like to tyrosine-like component (i.e., OP4/OP6 in this study) are useful optical indicators of the bioavailability of marine DOM.
CONCLUSIONS AND IMPLICATIONS
The transition from river water to seawater includes large changes in the physicochemical properties that can affect optical parameters without affecting biochemical parameters (Osburn et al., 2014) . This study provides important insights about the fidelity of EEM-PARAFAC components as tracers of biochemical components of DOM in a river-influenced ocean margin.
• Terrestrial humic-like components, characterized as peak C type (GoM1) and fulvic acid type (GoM4), were useful tracers of lignin phenol concentrations.
• The ratio of terrestrial humic-like components, i.e., the ratio of peak A type (GoM3) to peak C type (GoM1), appeared to be indicative of the degree of photooxidation.
• Terrigenous DOM likely affected the relationship between the protein-like component (GoM5) and aromatic amino acids and total dissolved amino acid concentrations in riverine and coastal environments.
• The tryptophan-like component (OP4) was found to be a useful indicator of total dissolved amino acid concentrations in offshore environments.
• The ratios of tryptophan-like component to DOC (OP4/DOC) and tryptophan-like component to tyrosine-like component (OP4/OP6) are potentially useful indicators of DOM bioavailability in this system. This study indicated that certain EEM-PARAFAC components are tightly linked with corresponding compounds, and suggested that other components are affected by variable sources and biogeochemical processing. Such influences need to be considered when evaluating the fidelity of EEM-PARAFAC for tracing fluorescent DOM in the coastal ocean. Further studies are needed to develop general optical parameters that represent the quantity and quality of lignin using variable samples that cover a wide range of aquatic environments. In particular, linkages between optical properties and lignins should be explored in the open ocean where lignin phenol concentrations are quite low (Opshal and Benner, 1997) . In addition, most DOC-normalized yields of amino acids observed in offshore waters of the NGoM were <1.6% DOC, indicating the concentrations of labile DOM were generally low. Further comparisons of florescence based indicators with amino acids yields in highly bioavailable DOM are necessary for expanding the application of optical parameters in a wide range of environments.
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